The present study makes a rigorous and comparative evaluation of two biomass to gases (BtG) conversion routes and according to this outcome, suggests which of the options evaluated is most desirable. These options, the hydrogen and synthetic natural gas (SNG) production, were designed in Aspen plus process simulation software. Sugar cane bagasse, the waste solid residue of the sugar cane milling process, was considered as feedstock at a flowrate of 100 t h -1 . Mass and energy balance data were extracted from the simulations, and consequently thermodynamic (exergy analysis), economic (financial and uncertainty analysis) and environmental (CO 2 emissions) evaluations were carried out. Exergy and environmental analysis favour the SNG production while the hydrogen route provides higher profits. The study concludes with multicriteria decision analysis (MCDA) where each process is attributed a score based on the investigated criteria. It was concluded that overall the most efficient option was the SNG production.
Introduction
The fluctuations in oil prices, as well as the increases in greenhouse gas emissions have motivated researchers to explore alternative sources of energy that have the potential to provide sustainability. As a result, the biorefinery platform continues to advance and various conversion routes attract increased attention as new technologies are developed. An example of the more recent developments involves the utilization of industrial waste material to value added products manufacture [1] . However, no robust technology for maximizing the value of wastes and residues from such biorefineries has yet been established. Sugarcane is presently the most cost effective feedstock for biofuel (ethanol) production and could be even more cost effective if the waste bagasse, a lignocellulosic material, could also be converted to biofuels. [2] . The processing of such wastes, including bagasse, can produce fuels, the so-called "second generation biofuels" that, can potentially overcome the issues facing "first generation biofuels" (e.g. food and land competition) [3] . A large number of technologies exist for conversion of biomass to a wide range of solid, liquid and gaseous fuels including gasification, pyrolysis and fermentation. Biomass gasification is a Chemical Engineering & Technology This article is protected by copyright. All rights reserved.
promising technology for the production of synthetic fuels such as gasoline, methanol, diesel, hydrogen and SNG. Sasol and Mobil [4] have already successfully commercialized production of these fuels from coal via gasification. Compared to liquid fuels the production of bio-gases is more efficient due to high product selectivity (low by-products generation) and relative simpler upgrading units [4] . As a result, the sustainable production of hydrogen and SNG is of high interest.
The biomass conversion routes to methane can be categorized into biochemical (biomethane) and thermochemical (SNG). During the former, wet biomass including crops, sewage sludge and manure can be converted to biogas by anaerobic digestion and then upgraded to biomethane. However, the high concentrations of CO 2 in the biogas result in low overall energy efficiencies of 20-40% [5] . On the other hand, the thermochemical route can handle a wider range of feedstocks (including lignocellulosic) and achieve higher methane yields [6] . It has been, also, reported in previous studies that replacing fossil technologies with SNG systems provides several environmental benefits with respect to global warming [7] . In principle, the thermochemical conversion of biomass to SNG is a two stage process. The first step is the production of a gas mixture, known as syngas (mainly consisting of hydrogen and carbon monoxide), through gasification and the second is the methanation of the syngas. The SNG can utilise the prevailing natural gas distribution network and can be used in CHP applications by a wide range of domestic, commercial and industrial users, wherever natural gas is currently used, without additional investment. In addition, it can fuel gas vehicles and so contribute to the decarbonisation of road transport. In the past, several studies investigated the feasibility of biomass to SNG route [8, 9, 10] . As a result, techno-economic analyses were conducted with the aim of estimating the economic and energetic potential of the process. The calculated exergy efficiencies were in the range of 60%-70% while the production cost of SNG was from 15.6 to 27 $ GJ -1 depending on the plant capacity.
Hydrogen is an energy carrier and can be produced from a wide variety of primary energy sources and different production technologies. Nowadays, hydrogen is usually generated from fossil sources including petroleum, natural gas and coal. In short, fossil fuel-based processes (mainly reforming) account for 95% of global hydrogen production [11] . Hydrogen production from nonrenewable sources comes with CO 2 emissions which is the chief contributor to the so-called "greenhouse effect" [12] . The production of hydrogen, using as starting material a renewable source, is ideal for progressively substituting fossil fuels [13] .In view of this, hydrogen can be also produced from biomass via gasification or pyrolysis. During gasification the producer gas is shifted to hydrogen while during pyrolysis bio-oil is catalytically reformed to hydrogen. Sarkar et al. [14, 15] have tested these technologies and concluded that the gasification route provides significantly lower production costs, i.e. 12.4 $ GJ -1 compared to 28.1 $ GJ -1 . Furthermore, the exergetic performance of the process has been investigated, in the past, and the reported values of the exergy efficiency vary from 50% to 60% [15, 16] . Nevertheless, hydrogen manufacture faces significant challenges. The yield of hydrogen from biomass is relatively low since the hydrogen content in biomass is low to begin with (approximately 6% versus 25% for methane) [17] . Additionally, there is not yet an effective infrastructure for distributing hydrogen. A promising method for hydrogen production from biomass is via supercritical water gasification. It has received much attention as it is safe, non-toxic, readily available, inexpensive (biomass drying is not needed) and environmentally benign [18] . Nevertheless, severe conditions (high temperature and pressure) have to be applied to meet the minimum reaction condition. Hence, the high costs (both capital and operating) are the biggest obstacle to the establishment of this technology [19] . Recent advances in hydrogen production from biomass gasification incorporate the utilization of membrane shift reactors, gasification membrane reactors or a combination of both [20] . This was, it is suggested that hydrogen yields could be enhanced and downstream costs could be reduced [21] . Nonetheless, these technologies are still being tested and are yet to be established on a large scale [20] .
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So far, to the best of our knowledge, no comparative assessment between the basic BtG processes was attempted. Thus, the present study focuses on integrating exhaustive process simulations, thorough exergetic, economic and environmental calculations to evaluate and compare the sustainability of the investigated processes, and eventually suggest the best alternative. This methodology provides a robust mechanism and can be used as a reliable decision making tool.
Process simulation
The inlet mass flow rate for both cases was set equal to 100 t h -1 . User defined non-conventional solids were determined to symbolize bagasse and ash. Aimed at those modules two Aspen models were allocated: one for the density (DCOALIGT) and the second one enthalpy (HCOALGEN) that necessitates awareness of proximate analysis and ultimate analysis of the bagasse (see Table 1 [22] ).
The physical properties of the conventional components have been estimated by using the Redlich-Kwong-Soave cubic equation of state with Boston-Mathias alpha function (RKS-BM). This method is suitable for gas-processing, refinery and petrochemical applications such as gas plants, crude towers and ethylene plants [23] . For each pathway a model was developed in Aspen plus which performs the necessary material and energy balances. Subsequently, the extraction of useful information is possible in order to perform the assessment of each process. Both processes consist of some certain steps, namely, 1) bagasse pre-treatment (crushing and drying), 2) gasifier island, 3) syngas quenching and cleaning, 4) product synthesis and 5) heat and power generation system. An Aspen plus crusher block has been employed to simulate a gyratory crusher which chops bagasse to a final particle size of 2 mm [24] . Afterwards bagasse enters a dryer in order to reduce its moisture content to 10%. The high initial moisture content of bagasse makes it necessary to employ a dryer so as to reduce subsequent heat losses in the gasifier unit. The fractional conversion of bagasse to water has been estimated by using a FORTRAN statement. A RSTOICH reactor was used to model the drying of bagasse. Even if, bagasse drying is not generally considered a chemical reaction, the RSTOICH module is capable of converting a portion of the bagasse to form water. Eq. (1) presents the chemical reaction for bagasse drying:
Aspen Plus treats all nonconventional components as if they have a molecular weight of 1.0. The reaction indicates that 1 mole (or 1 kg) of bagasse reacts to form 0.0555 mole (or 1 kg) of water. Then, a calculator block was used (includes FORTRAN statements) to specify the moisture content of the dried bagasse (10%) and calculates the corresponding conversion of bagasse to water. More details about this technique can be found online in a report published by AspenTech regarding solids processing [25] .The energy required for the drying process is provided by heat produced within the processes. Then bagasse enters the gasification unit. A steam fluidised bed gasifier was considered operating at 1100K and 0.1 MPa. The RGIBBS reactor module was employed to simulate the gasifier which assumes an overall equilibrium and neglects the hydrodynamic and kinetic features of the reactor. This approach has been used before in several studies [26, 27] and it is suitable for feasibility studies but not for reactor design [28] . Tar formation was taken into consideration and was simulated as toluene. Toluene was selected as a model tar compound since it represents a chief stable aromatic product in the tars formed in high temperature (>1000K) biomass gasification processes [29, 30] . The tar yield was assumed to obey the empirical relation proposed by Corella et al. [31] as follows:
Where T is the gasification temperature. In addition, as previously reported [32] , most of nitrogen and sulfur contaminants in syngas occur as ammonia and hydrogen sulfide respectively and thereby, in this study, it was, also, assumed that the bagasse sulphur content is converted to H 2 S and nitrogen to NH 3 . Afterwards two cyclones have been used, the first one separates the unreacted char from the Chemical Engineering & Technology This article is protected by copyright. All rights reserved.
producer gas and recycles it to the gasifier and the second distinguishes the ash from the gas mixture. The next step is to purify the producer gas, thus an RSTOICH reactor has been employed to simulate a catalytic reformer reactor mainly in order to remove tar and ammonia. The catalyst used in the tar reformer differs according to the objectives of each process, therefore for the SNG the catalyst used promotes mainly tar reforming since methane is the desired product (Ilmenite based catalyst [33] ). On the other hand for H 2 production it is desired that all of the hydrocarbons derived from the gasifier are reformed in a single reactor (commercial Nickel based catalysts [34] ). The tar reformer operates at temperature of 1073 K and pressure of 1.7 MPa. Subsequently the acid gases H 2 S and CO 2 are removed by using a solution of monoethanolamine (MEA) in an absorber [35] . The entrainer is recovered in a stripper and recycled to the absorber. Figure 1 provides a simplified process schematic for the two alternatives.
( Table 1 here)
H 2 production
After the abovementioned steps, CO has to be converted to H 2 , thus two shift reactors are introduced coupled with an intercooling stage. Initially syngas is cooled down to 633 K so as to meet the operating conditions of the first high temperature shift reactor (HTS) and subsequently another cooler is employed in order to lower the temperature of the HTS product stream to 473 K before entering the low temperature shift reactor (LTS) [16] . Steam is supplied to reformers from the CHP unit. Two REQUIlL reactors were employed to model the reactors where the water gas shift reaction takes place. The gas stream exiting the reformers comprises 80 mol% H 2 which meets the minimum requirement (70 mol %) for an efficient and economically feasible purification procedure [36] .
Hydrogen is purified in a pressure swing adsorption unit (PSA) where the purity attained is 99.9% while the achieved recovery was set equal to 90%. Before the PSA unit water has to be removed from the gas stream in order to avoid damage to the adsorbent (active carbon and zeolites mixture). Hence the gas stream is cooled down to 313 K, then condensed water is removed and to ensure that no water would be condensed in the PSA unit, the gas stream is pressurised to 2 MPa before entering the unit. As a result, the gas is not saturated with water when it enters the PSA unit. In the PSA unit, the gas is separated into two streams, one with high purity hydrogen and one with PSA offgas. The PSA unit is simulated as a separator where the hydrogen stream is of high purity (100%). A combined gas-steam turbine unit was designed to utilise the off gas and generate electricity according to specifications found in the literature [37] . Finally, produced hydrogen needs to be compressed at high pressures equal to approximately 7 MPa. For this purpose a multi stage compressor (total 5 stages) with intermediate coolers was used. The net productivity of H 2 is 6.8 t h -1 .
SNG production
Gasified syngas after being quenched, purified and pressurized up to 3 MPa is sent to the methanation area where the following catalytic reactions take place:
Both of the methanation reactions (3 and 4) are highly exothermic -206 kJ mol -1 and -165 kJ mol -1 , respectively -and therefore are favoured by low temperatures. Additionally high pressures will enhance the methane yield. Methane production from carbon dioxide is trigged by the water gas shift reaction [38] . Apart from the aforementioned reactions carbon might also be formed according to the following reactions:
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In order to tackle this obstacle extra steam (671 K, 30 bars) is supplied to the first reactor so as to promote the water gas shift reaction (5) . In the present study the ICI methanation process approach [39] was adopted where the above reactions take place in three reactors in series coupled with intercoolers so as to achieve high methane yield and keep temperature at low levels. Gases enter the particular reactors at temperatures equal to 773 K, 673 K and 573 K [39] . All the reactors utilize nickel based catalysts. The operating conditions of the reactors prevent the catalyst deactivation. Similar to hydrogen production, three equilibrium reactors simulate the methanation unit. Afterwards the produced gas mixture is further cooled down so as to separate the condensed water, compressed up to 4 MPa and sent to a MEA scrubbing unit as beforehand defined where CO 2 is removed. SNG is produced at a rate of 14.2 t h -1 . Heat released from the methanation section is exploited in a common Rankine cycle where high value steam (820 K, 80 bar) is generated to initiate a series of turbines. The final step is to increase the pressure of SNG to 5.5 MPa (3 stage compressor) and feed it to the existing natural gas pipeline system. Simulation results are illustrated in Table 2 .
( Table 2 here) ( Fig 1 here) 
Process evaluation

Exergy analysis
The purpose of exergy analysis is to determine exergy losses (true thermodynamic losses) in processes and systems. Exergy analysis is more useful than energy analysis in measuring the efficiency of process since it identifies the causes, locations and magnitude of the system inefficiencies and includes irreversibility in the thermodynamic analysis. Exergy can be defined as the maximum useful work that can be obtained from a system at a given state in a given environment [40] . The calculation of exergy efficiency, , is the most reliable way to evaluate the performance of one process and it was calculated by utilizing Eq. (8) [41] . The exergy efficiency, the most robust method of quantifying the efficiency of a process, compares the exergy content of the desired fuel to the exergy contained in the original feedstock in addition to all the chemical and net thermal exergy inputs required throughout the conversion process.
Where ̇ and ̇ are the mass flow rates of the produced fuels and bagasse, respectively and subscripts in and out stand for produced exergy flows and external exergy flows respectively. The exergy content of bagasse was calculated in a previous study and is equal to 280 MW [42] . Work is considered as pure exergy while the exergy content of a heat stream, , is equal to [41]:
Where T is the temperature at which Q is available and T 0 the reference temperature (298 K throughout this study). The total exergy of a material stream has been calculated as the sum of the physical, ε ph , and chemical exergy, ε ch , multiplied by the mass flow rate [43] : E = m( ℎ + ℎ ) (10) ε ph = h − h 0 − T 0 * (s − s 0 ) (11) ε ch = ∑ 0, + R 0 ∑ Where h and s are the mass enthalpy and entropy respectively at specific temperature T, x i the mass fraction of each component and ε 0i the standard chemical exergy of each substance All the necessary thermodynamic data was extracted from the simulations. Given the process technology modelled and integrated, and the assumptions made as described in the previous section, the SNG production achieves higher exergy efficiency than H 2 , i.e. 59.7% and 50.2% respectively. This difference can be explained by the relatively low H 2 yields and the lower amount of electricity imports associated with the SNG process. As depicted in Fig. 2 , for both processes the chief contributor to the exergy losses is the gasifier followed by the respective gas synthesis section. The total exergy losses were 170 MW and 140 MW for the H 2 and the SNG routes respectively. (Fig 2 here) 
Economic assessment
The economic performance of each conversion route was assessed by calculating several financial indicators including net present value (NPV), internal rate of return (IRR), return on investment (ROI), payback period (PP) and the biofuel production cost. In this study a typical discounted cash flow analysis was performed. In particular, this evaluation relies on a cost benefit analysis that combines the capital investment, operating expenditures, total annualised cost budget, project incomes and money-making appraisal. The interest rate is equal to 7% per annum, the straight line depreciation method was selected (assets depreciated over 10 years), the annual operating hours were taken as 8000, project lifetime was 20 years, and the tax rate was selected as 35%. The selling prices of the products are 1.75 $ kg -1 for H 2 and 0.8 $ kg -1 for SNG [44, 45] while operating costs (OC) were adopted from relevant published data [45] [46] [47] [48] . Operating costs comprise catalysts, utilities and labour expenditures. A focal step, when performing economic evaluation, is the calculation of the equipment cost (EC). For this purpose, the following equation, which is based on historic data, was utilised:
Where C is actual cost of the unit, C 0 is base cost of the unit, S the actual size or capacity, S 0 the base size or capacity and f the scale capacity factor. The values of the above variables have been adopted from the literature [15, 27, 49, 50, 51] while the value of the S variable from the simulations. The methodology proposed by Peters et al. [52] was adapted for the calculation of the total capital investment (TCI). According to this, the TCI derives from the summation of direct, indirect (both calculated as a percentage of the EC) and equipment costs. As depicted in Table 3 , economic analysis favours the H 2 process over the SNG, providing higher profits. This can be attributed to the high market value of hydrogen and the low capital costs which both compensate for its low yields.
( Table 3 here)
Uncertainty analysis
As discussed in section 3.2, the performance economic indicators (such as NPV) were estimated using several economic parameters presuming that these have a fixed value. Nevertheless, in reality the values of these parameters have a certain degree of uncertainty and are not known with absolute accuracy. To take into account these changes, uncertainty analysis was applied on the economic model based on Monte Carlo principles [53] . The goal of this analysis was to examine the behaviour NPV for random combinations of total capital investment, revenues, operating costs and interest rate. The values of these economic parameters varied from their calculated or base values within the bounds depicted in Table 4 . The following histograms (Fig. 3) depict the results of the uncertainty analysis and additionally the mean value and standard deviation for each case were estimated. The risk analysis indicates that the H 2 process seems to be more reliable through the changes of key Chemical Engineering & Technology This article is protected by copyright. All rights reserved. economic factors since its mean value of NPV is more than the SNG case, i.e. M$ 12 and M$ 10 respectively as well as the standard deviation is lower, i.e. 95 and 117.
( Table 4 here) (Fig 3 here) 
Effect of the plant size
In addition, the effect of the plant size on biogases production cost was investigated. This was done by varying the input mass flow rate of bagasse. The results of this analysis are presented in Fig. 4 . A second order decay trend can be observed for the production cost as the plant size increases. Beyond the baseline, the production cost slopes level out at a value of approximately 10.4 $ GJ -1 for the H 2 and 11.1 $ GJ -1 for the SNG. The economies of scale favour the profitability of the processes, but one obstacle to this transition is the feedstock availability, since bagasse production is, of course, limited by the capacity of the plant from which it is a by-product. The equation utilised is the following [54]:
Where f is the scale economic parameter and its suggested value for chemical processes is 0.85 [54] .
( Fig 4 here) 
Environmental assessment
Biofuels are recognised as a form of renewable energy and so far they are commonly treated as naturally carbon neutral sources, in the sense that carbon dioxide emitted from their combustion should not be reckoned since it is counterbalanced by CO 2 uptake during photosynthesis process. However, this approach does not take into account emissions related with energy imported (e.g. pumping water, heat duties for the biomass conversion, fuel consumption for transport purposes) at any stage of the biofuel life cycle. In principal, the life cycle of a biofuel mainly consists of three steps, namely farming, biorefinery and end-use application. Carbon dioxide is emitted during all these steps. In this study, the emissions related to the conversion step of bagasse were calculated based on the simulations and it is sensible to consider that technologies with lower emissions will have a higher contribution to the development of a sustainable biofuel sector [55] . Furthermore, since this study deals with a single feedstock the emissions during farming can be considered equal for both the alternatives and thereby they can be neglected. Finally, clean combustion was considered as enduse utilisation of the biofuels and the emissions can be calculated from the respective reactions stoichiometry (zero for hydrogen). Additionally, in the calculations, the emissions related with producing steam (necessary for covering the heating duties) and electricity from conventional sources were also included. Typical values for CO 2 emitted are 0.2 kg kWh -1 for raising steam and 0.5 kg kWh -1 for generating electricity [48] . As depicted in Fig. 5 , the H 2 production generates most of its emissions during the biorefinery step since the bagasse carbon content is converted to CO 2 while in the case of SNG, most of CO 2 is generated during its end use application. Furthermore, the higher demand of electricity and heat for the H 2 production results in higher CO 2 emissions compared to the SNG option, i.e. 790 kt y -1 and 740 kt y -1 respectively.
( Fig 5 here) 
Multicriteria decision analysis (MCDA)
During the last few years, the necessity to determine the best option among the applicable alternatives and classify these alternatives according to their importance for a specific purpose, as well as the need to comparatively evaluate sophisticated technological and social-economic procedures, the use of quantitative multicriteria techniques has been extensively proposed and Chemical Engineering & Technology This article is protected by copyright. All rights reserved.
implemented. The key idea behind the quantitative assessment techniques is to efficiently integrate values of the criteria outlining a specific concept and their significance (known as weights) into a single magnitude. Depending on the project and selecting process, for some certain criteria the largest value is the desirable one, whereas for others the smallest value is the preferred. The scope of decision making process should be to: 1) To identify goals, 2) to identify alternatives for accomplishing these goals, 3) to identify the factors to be used to compare the alternatives, 4) to analyse of the alternatives and 5) to make choices. The appraisal of several engineering development projects involves consideration of different decision criteria. The multi-criteria framework allows such factors to be presented in a comprehensive and consistent format [56] . Simple Additive Weighting (SAW) is the oldest, most widely known and practically used method for multivariable analysis. The sum S j of the weighted normalized values of all the criteria is calculated for the j-th object as follows [57] :
Where is weight of the i-th criterion (∑ = 1 =1 ); ̅̅̅ is the normalized value of the i-th criterion for the j-th object; i=1,…,n; j=1,…,m; n is the number of criteria used, m is the number of objects (alternatives) compared. The formulae that are used in order to maximize or minimize a criterion are the following [57] :
The criteria used in this study were exergy efficiency (rank 1), NPV (rank 2), CO 2 emissions (rank 3) and mean NPV (rank 4). Exergy efficiency is the most reliable index to assess the feasibility of a process. The NPV was used as a profitability criterion, CO 2 emissions to take into account the environmental impact of each alternative and the mean value of NPV the risk associated with each option. The normalised importance weight for each criterion can be calculated using Eq. (17) and Table 5 presents the resultant values of :
( Table 5 here)
After defining the weight of each criterion it was possible to calculate the score, , attributed to each conversion route. As depicted in Table 6 , the SNG process attains higher overall score than the H 2 route. It is pretty apparent that a vital factor, when MCDA is used, is the criteria ranking which can vary based on the objectives of the decision maker. As a result, if, for instance, the profitability is of the highest importance, then the H 2 process outplays the SNG. Nevertheless, exergy efficiency should be considered the most crucial feasibility factor as it does not depend on external aspects, like market demand in the case of NPV.
( Table 6 here)
Concluding remarks
Two BtG processes were investigated in this study, namely hydrogen and SNG production. Comparative techno-economic and environmental analyses were performed in order to evaluate the feasibility of the processes. The methodology, utilised in the present study, combines the most important sustainability factors and builds a reliable decision-making tool that can be useful in assessing and comparing the sustainability of biomass conversion routes. Hence, the present study recommends only one process as the better option to utilise bagasse according only to the criteria that have been considered. In fact, a more thorough decision analysis depends on numerous aspects Chemical Engineering & Technology This article is protected by copyright. All rights reserved.
including criteria aside from those calculated in this research, such as the market demand, possible social concerns and the location of the plant.
Hydrogen production from biomass comes, by default, at low yields since its low content in the raw material (~6%wt.) limits significantly the maximum potential yield. On the other hand, in methanation route most of the bagasse carbon goes to methane production and thereby higher product yields are achieved. As a result, the SNG route comes at higher exergetic efficiency. Furthermore, CO 2 emissions are higher for the H 2 the option compared to the SNG procedure due to higher electricity and heat demands. Equally, the hydrogen market value is rather high mainly due to its demand in petrochemical plants and consequently its production provides higher profits. In addition, the distribution system of NG already exists while the distribution of hydrogen is still challenging. The study concludes with multicriteria analysis where the investigated options are evaluated on the same basis and the individual decision-making factors (exergy efficiency, NPV, CO 2 emissions and mean NPV) contribute to calculate an overall performance score. These scores are 95% and 92% for SNG and H 2 respectively. As a result, solely according to the criteria considered in this study, SNG provides a more sustainable way to exploit syngas derived from bagasse. Chemical Engineering & Technology This article is protected by copyright. All rights reserved. Production cost ($ GJ -1 ) 12.1 12.9 
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